The anodic oxidation and cathodic reduction processes of the Cu/Cu 2 O multilayer film and pure Cu film in pH 8.4 borate buffer solution were analyzed by electrochemical quartz crystal microbalance (EQCM) for gravimetry and bending beam method (BBM) for stress measurement. The mass loss of the multilayer film during anodic oxidation at 0.8 V (SHE) in the passive region was less than that of the pure Cu film. The comparison between current transients and mass changes during anodic oxidation has succeeded in separating the anodic current density into two partial current densities of oxide film growth, . The compressive stress for the multilayer film was generated during anodic oxidation, while the tensile stress for the pure Cu film was generated.
Introduction
Copper has been widely used as key materials in microelectronics such as interconnections in integarted cuircuits because of its superier electronic conductivity and high electromigration resistance as compared to aluminum. The fundamental knowledge of the copper passivation and of the structure of anodic oxide film on copper is essentailly necessary for further development of microelectronics and of its related industry. It has been recently found that multilayer films of Cu and Cu 2 O are electrodeposited from alkaline solutions of Cu(II) lactate at room temperature, accompanying spontaneous oscillation of electrode potential [1] [2] [3] . Moreover, it has been revealed that the Cu / Cu 2 O multilayer films have the specular reflectance spectra with blue-shift due to quantum-confined effect of layered nanostructure and the anisotropic resistivities ranged from 10 -4 ohm cm to 10 6 ohm cm, depending on Cu content in the multilayer films [4] . The Cu / Cu 2 O multilayer films, therefore, will be situated under a variety of potential applications for microelectronics and optoelectronics. The chemical and mechanical stabilities of the Cu / Cu 2 O multilayer films as well as surface oxide films on copper in environments are of great importance for their applications.
There have been many studies on chemical and semiconductive properties [5] [6] [7] of surface oxide films on copper in relation to their chemical stabilities. An electrochemical quartz crystal microbalance (EQCM) is powerful and useful for evaluation of chemical stabilities of thin metal films in aqueous environments [8, 9] because it is capable of measuring simultaneously small changes in mass and current density. The measurement of stresses generated in films is indispensable for evaluation of their mechanical stabilities.
However, the studies on stresses of surface oxide films on copper were few because there were no reliable tools for measurement of small changes in stress. In our previous studies [10, 11] , it has been reported that a bending beam method (BBD) is effective and reliable for measurement of small changes in stress.
In this study, the changes in mass and stress during anodic oxidation and cathodic reduction of Cu/Cu 2 O multilayer and pure copper films in pH 8.4 borate solution were measured by using EQCM and BBM to discuss from the viewpoint of chemical and mechanical stabilities of these films in aqueous environments.
Experimental

EQCM
A QCM sensor head (5 MHz, AT-cut quartz crystal : MAXTEK Co.) with an oscillator circuit was employed for experiments. Gold electrodes were evaporated on both sides of the quartz crystal. According to Sauerbrey's equation [12] , the mass sensitivity of the quartz oscillator is . One side of the gold electrodes with a surface area of 1.32 cm 2 was exposed to solution as a working electrode.
BBM
The principle and apparatus of a bending beam method (BBM) for measurement of changes in stress were described elsewhere [10, 11, 13] . A titanium film with a thickness of The changes in reflection angle, Δθ, of the laser beam due to bending of the glass plate caused by stress generation in film are given by
where n s is the refractive index of the solution. The insertion of n s into Eq. 1 is indispensable bacause the reflected beam is refractive at the solution / air interface. The changes in reciprocal to the curvature radius of bending of the glass plate, Δ(1/R), are directly related to the changes in reflection angle, Δθ, as follows
In the case where the thickness of film, t f , is sufficiently less than that of the substrate, t s , the changes in stress per unit thickness, Δσ, generated in film are given by the Stoney's equation
where Δg is the stress for whole film thickness with a dimension of Newton per meter, corresponding to surface stress. The use of Δg in place of Δσ may be convenient in the case where t f is unknown or not exactly determined.
Preparation and anodic oxidation / cathodic reduction of the Cu/Cu 2 O multilayer film
The multilayer film which consisted of four sets of Cu 2 O layer with a thickness of 1-2 nm and of Cu layer with a thickness of 8-9 nm was electrodeposited on gold electrode under a constant current density of -0.5 mA cm 
Assuming that the anodic dissolution of copper as Cu + through the film is negligibly small, the net mass loss rate, through the film and the mass gain rate of film growth,
dt , due to oxygen uptake.
The following relation between each partial current density and mass gain or loss rate will be held.
where M Cu is the atomic weight of copper, M O , the atomic weight of oxygen, and F is the Faraday constant. Furthermore, ! i app will be defined as follows.
Eventually, Eq. (8) will be derived by substituting Eqs. (5), (6a) and (6b) for Eq. (7).
Since participate significantly in anodic oxidation of the multilayer film. Fig. 3 shows the time variation of anodic current density, i, and the changes in stress, Δg, during anodic oxidation of the multilayer film and pure copper film under the same conditions in Fig.1 . In Fig. 3 , the changes in stress to tensile direction were taken as a positive sign, while the changes in stress to compressive direction were taken as a negative sign. It is seen from Fig.3 that the commpressive stress is generated and increases with time during anodic oxidation of the multilayer film. In contrast, the tensile stress is generated and increases wirth time during anodic oxidation of the pure copper film. The parameters influencing the direction of stress generated during oxide film growth are the transport number of mobile ion and Pilling-Bedworth (PB) ratio of oxide [17] . According to the criteria proposed by Nelson and Oriani [17] , in the case where the transport number of cation is nearly unity, the tensile stress is generated, while in the case where the transport number of anion is nearly unity, the compressive stress is generated. It appears that the results of Fig. 3 are consistent with those of Fig. 2 . The potential plateau at about -0.18 V (SHE) corresponds to the cathodic reduction of Cu 2 O to metallic Cu.
Cathodic reduction of the Cu/Cu 2 O multilayer film.
The dotted line represents the theoretical mass change due to cathodic reduction of Cu 2 O in the multilayer film, assuming that the reaction of Eq. (9) proceeds with 100 % current efficiency. In the potential plateau region, however, the mass loss is very small as compared to the theoretical line in spite of that the reaction of Eq. (9) 
Conclusions
The changes in mass and stress during anodic oxidation and cathodic reduction processes of the Cu/Cu 2 O multilayer film as well as pure copper film in pH 8.4 borate solution were measured by EQCM and BBM. The following conclusions were drawn.
1. The anodic current density, i, during anodic oxidation at 0. 3. The compressive stress for the multilayer film was generated during anodic oxidation, while the tensile stress for the pure Cu film was generated. The difference in direction of stress generation between multilayer film and pure copper film was associated with the difference in
between both films.
4. The mass loss of the multilayer film during cathodic reduction was significantly less than that estimated from coulometry, suggesting that H 2 O produced by cathodic reduction remained in the multilayer film..
5.
The compressive stress was generated during cathodic reduction of the multilayer film, which was ascribed to H 2 O remained in the multilayer film. 
